Particulate preparations from sporulating cells of Bacillus sphaericus 9602 contained an endopeptidase activity that hydrolyzed the y-D-glutamyl-(L)mesodiaminopimelic acid linkages found in the spore cortical peptidoglycan of this organism. Diaminopimelic acid did not occur in the vegetative cell wall peptidoglycan, and the y-D-glutamyl-L-lysine linkages found in this polymer were not hydrolyzed by the endopeptidase. The endopeptidase hydrolyzed (X)-L-alanyl-y-D-glutamyl-(L)meso-diaminopimelyl(L)-D-alanyl-D-alanine only after removal of the terminal D-alanine residue. The preparations contained an acyl-D-alanyl-D-alanine carboxypeptidase I activity which converted such pentapeptides into substrates for the endopeptidase and which was inhibited 50% by 4 x 10-7 M benzylpenicillin. This activity also hydrolyzed the analogous pentapeptide substrates containing L-lysine. The preparations also contained an acyl-L-lysyl-D-alanine carboxypeptidase Il activity that was not active on the meso-diaminopimelic acid-containing analogue. Neither this activity nor the endopeptidase was inhibited by 10-3 M benzylpenicillin. The specificities of the carboxypeptidases were consistent with the exclusive presence of L-lysine C-termini in the vegetative peptidoglycan and of meso-diaminopimelyl-D-alanine C-termini in the spore cortical peptidoglycan of B. sphaericus 9602.
sine (see Fig. 1 ) 65% cross-linked between L-lysine and D-isoasparagine residues by D-alanine residues. The C-terminal peptide subunits are devoid of D-alanine residues and therefore have C-terminal L-lysine residues (5) . These vegetative cell walls are devoid of diaminopimelic acid. The glycan of the spore cortex peptidoglycan also consists of altemating GlcNAc and muramic acid residues, but 54% of the latter are lactamized, 18% carry a single L-alanine residue, and only the residual 28% carry a tetrapeptide, which has the sequence L-alanyl-D-isoglutamyl-(L)meso-diaminopimelyl(L)-D-alanine (see Fig. 1 ). These tetrapeptides are crosslinked 20% between D-alanine and (D)mesodiaminopimelic acid (m-DPM). This structure is probably devoid of L-lysine and is virtually identical to that found in Bacillus subtilis spore cortex (18; D. J. Tipper, Bacteriol. Proc., p. 24, 1969; D. J. Tipper and L. Landbeck, manuscript in preparation).
It has previously been demostrated that the uridine 5'-diphosphate (UDP)-N-acetylmuramyl-L-alanyl-D-glutamate: m-DPM ligase necessary for synthesizing the nucleotide pentapeptide precursor of cortical peptidoglycan is absent from vegetative cells and is synthesized in sporulating cells shortly before the appearance of cortical peptidoglycan during synchronous sporulation (16) . It has also been demonstrated (D. J. Tipper and P. E. Linnett, manuscript in preparation) that this enzyme activity accumulates in the mother cell cytoplasm of the sporulating cell, but not in its forespores.
After formation of the sporulation septum during the process of bacterial endospore formation, the directed proliferation of membrane results in engulfment of the forespore, which becomes separated from the mother cell cytoplasm by two opposed membranes, the inner and outer forespore membranes (reviewed in 12, 15) . In B. sphaericus, the engulfment process takes place during the latter stages of the terminal swelling which occurs approximately between hours 2 and 3 of sporulation (J. Gau-thier, D. J. Tipper, and S. C. Holt, manuscript in preparation). Germ cell wall is laid down between these membranes adjacent to the inner forespore membranes, and cortex is laid down between the germ cell wall and the outer forespore membrane. Since all of the outer forespore membrane is elaborated de novo either during the process of spore septum formation or during the subsequent engulfment process, it would not be suprising to find that this membrane contained components unique to sporulating cells.
The most reasonable hypothesis for the mechanism of synthesis of the unique muramic lactam and C-terminal L-alanine components of the spore cortex (reviewed in 15, 18) states that they are the result of modifications of a polymer of disaccharide pentapeptide, synthesized from precursors produced in the mother cell cytoplasm by enzymes within the outer forespore membrane. One would expect these unique modification enzymes to be located within the outer forespore membrane and, more precisely, on its cortical side.
We began our investigation in the hope of demonstrating unique enzymes in sporulating cells that would be responsible for producing the disaccharide-L-alanine moieties present in the cortical peptidoglycan. The isolation of forespores and of forespore membranes is difficult except under unusual circumstances and has not been successfully achieved in B. sphaericus. We have investigated the presence, within the total membrane fraction of sporulating cells of B. sphaericus, of enzymes capable of hydrolyzing cortical peptidoglycan components. A unique enzyme activity has been found in the particulate preparations from sporulating cells which results in the formation of C-terminal D-glutamate residues, an activity which could be involved in subsequent liberation of C-terminal L-alanine residues, although such an event has not been demonstrated. No evidence was found for activities causing the production of muramic lactam residues.
As part of these studies, we also investigated the mechanisms which determine the presence of C-terminal lysine residues in the vegetative peptidoglycan and of C-terminal D-alanine residues in tetrapeptides of the cortex. Our data on the specificities of the D-alanine carboxypeptidases in these preparations is quite consistent with the C-terminal structures of the vegetative and cortical peptidoglycans. The sites in the nucleotide pentapeptide precursors of vegetative cell wall and spore cortex peptidoglycans hydrolyzed by these activities (and also by MurNAc-L-Ala amidase) are indicated in Fig. 1 Enzymes. The following enzymes, which hydrolyze specific linkages within cell wall peptidoglycan and its precursors, were used: egg white lysozyme, an endo-N-acetylmuramidase hydrolyzing ,B-1,4-Nacetylmuramyl-N-acetylglucosamine (MurNAc-GlcNAc) linkages (Sigma Chemical Co., St. Louis, Mo.); Streptomyces albus G N-acetylmuramyl-L-alanine amidase, which hydrolyzes the bond between GlcNAc-MurNAc disaccharides and peptides, liberating disaccharides and free peptides (3), and the Streptomyces R39 DD-carboxypeptidase, which hydrolyzes C-terminal D-alanyl-D linkages (10) . The latter two enzymes were kindly provided by J. M. Ghuysen.
Analytical methods. Quantitative analyses of amino acids were carried out with either a Beckman or a Technicon amino acid analyzer or by the fluorodinitrobenzene techniqueF (4) . Protein content was determined by the method of Lowry et al. (11) , with crystalline bovin serum albumin as standard. Uridine content was estimated by measuring the absorbance of products in water at 262 nm, assuming a molar absorbance of 104. Amino terminal groups were determined according to the fluorodinitrobenzene method (4).
Paper electrophoreses were carried out on Whatman no. 1 and 3MM papers at pH 4.1 in pyridineacetic acid-water (2.5:9:1,000, vol:vol:vol) at 40 V/cm, using either a Gilson model D or a Pherograph apparatus.
Thin-layer chromatography was performed on cellulose powder MN 300 G in the following solvents: (A) 1-butanol-acetic acid-pyridine-water (30:6:20:24); (B) ethyl acetate-pyridine-acetic acid-water (18:50:4:28); and (C) pyridine-tert-amyl alcohol-water (35:35:30).
Radioactive spots were detected by autoradiography with Kodirex films (Kodak, Inc.). The radioactive areas were removed from the plates, and the powder was homogenized in a scintillation liquid containing, in 1 liter of toluene, 4 g of 2,5-diphenyloxazole and 100 mg of 1,4-bis-[2]-(5-phenyloxazoyl)benzene. For suspension of the powder, a Polyson Ultraschall sonicator was used. Radioactivity was counted in a Packard Tri-Carb liquid scintillation spectrometer (model 2010).
With nonradioactive substrates, the endopeptidase activity was quantitated by the appearance of amino terminal groups (4) and followed qualitatively by the appearance of ninhydrin-positive spots after chromatography.
Substrates. Uridine-diphospho-N-acetylmuramyl- in the presence of benzylpenicinBin (6) . ence of ristocetin (7) . sphaericus according to the following procedure. Cells were grown until 30% contained refractile forespores. The cells from a 900-ml culture were harvested and suspended in 20 ml of cold 0.01 M potassium phosphate buffer, pH 7.5. Samples of cell suspension (4 ml) were disrupted for 10 min by using the microtip of a Branson J 17-V sonifier. Immersion in an alcohol bath at -10 C maintained the temperature of the cell suspension at 0 to 4 C. The broken-cell suspensions were centrifuged (15 min, 25,000 x g), and the supernatant fractions were mixed with 3 volumes of cold, saturated ammonium sulfate (pH 7.5) containing 10-s M ethylenediaminetetraacetic acid. After 30 min at 0 C, precipitates were collected by centrifugation, and pellets were dissolved in 2 ml of 0.01 M phosphate buffer, pH 7.5, to give a protein concentration of 15 mg/ml and stored at -20 C. The incubation for alanine addition contained, in 10 ml: 100 mM tris(hydroxymethyl)aminomethane (Tris)hydrochloride (pH 8.5), 100 mM KCl, 25 mM MgCl2, 25 mM adenosine 5'-triphosphate (pH 6), 0.005 mg of pyridoxal phosphate per ml, 3 mM glutathione, 0.5 mM UDP-MurNAc-(DPM) tripeptide, 1.2 mM L-["C ]alanine (100 uCi), and enzyme solution (75 mg of protein). After incubation for 60 min at 37 C, the solution was made 5% in trichloroacetic acid, stirred for 30 min, and centrifuged. The supernatant fraction was extracted six times with ether at 0 C and applied to a column of Dowex 1 x 2 (1.5 by 30 cm) in 0.01 HCl. The column was washed with 0.01 N HCl; then the nucleotides were eluted with 0.15 M NaCl in 0.01 N HCl and detected by counting the radioactivity of samples. The total yield for the purified UDP-Mur-NAc pentapeptide was 70% of added tripeptide. The nucleotide product was used as a 3.4-mM solution at a specific radioactivity of 1.6 107 counts per min per '4mol. The different N-acetylmuramyl pentapeptides and tetrapeptides (MurNAc peptides) were obtained from the corresponding UDP derivatives by hydrolysis with 0.02 N HCl at 100 C for 7 min followed by neutralization.
Uridine-diphospho-N-acetylmuramyl-LD-alanine
The DPM or Lys pentapeptides labeled on both D-alanine residues and the DPM or Lys tetrapeptides labeled on their single D-alanine residue were obtained from the corresponding MurNAc peptides by treatment with the N-acetyl-muramyl-L-alanine amidase from Streptomyces albus G in 10 mM Tris buffer (pH 8.8).
The disaccharide tetra-and tripeptides GlcNAc-
the cell wall of B. megaterium (17) . Synthetic tripeptide L-Ala-a-Glu-(L)m-DPM was a gift from P. Dezelee (17) .
Growth of B. sphaericus 9602 and harvesting procedures. The organism and the medium have been previously described (16) . Cultures were inoculated from heat-activated spores grown at 32 C with vigorous aeration and transferred twice in mid-exponential growth phase before sporulation was allowed to occur. This gives rise to highly synchronous and almost complete (at least 95%) sporulation. Samples were assayed for turbidity at 600 nm by using a Jouan Junior spectrophotometer. The proportion of terminally swollen cells and refractile prespores (percentage of morphology) was estimated by phase-contrast microscopy with a Wild microscope. Cells were harvested at different phases of growth and sporulation. They were rapidly chilled and immediately centrifuged in a Jouan K 63 F centrifuge. The cell pastes were washed with 10 mM Tris buffer (pH 8) containing 20 mM MgCl2 and 0.1 mM dithiothreitol (DDT).
Particulate enzyme preparations. A 1.3-g amount of each cell sample was shaken with 13 ml of glass beads (0.17-mm diameter) and 5 ml of 10 mM Tris buffer (pH 8), 20 mM MgCl2, 0.1 mM dithiothreitol in a Braun MSK homogenizer. Cells were usually 90% broken in 5 min. The pellets sedimenting in 1 h between 6,000 and 30,000 x g were homogenized in the same Tris buffer as above to give a protein concentration of 8.5 mg/ml. The radioactive spots were detected by autoradiography, removed from the support, and counted. Activities were expressed as percentage of radioactivity liberated as alanine or m-DPM-Ala.
The specific activity of the endopeptidase on the radioactive MurNAc-(m-DPM) tetrapeptide and on the radioactive tetrapeptide Ala-Glu-m-DPM-Ala was determined as follows. In 20 uliters, 12.5 mM substrate, 11 mM Tris buffer (pH 8), 5 mM MgCl2, and 7 &g of protein per nmol of substrate were incubated at 37 C for 2 h.The specific activities were expressed as nanoequivalents of Glu-m-DPM linkages hydrolyzed per milligram of protein per hour.
(ii) Assays with unlabeled substrates. The assays for the release of DPM-Ala from MurNAc, or disaccharide, or free tetrapeptides or of DPM from Mur-NAc, disaccharide, or free tripeptides or of glutamate from Dor L-glutamine contained, in 20 uliters: 0.2 mM peptide or glutamine, 10 mM Tris buffer (pH 8), 6 mM MgCl,, and 8.5 gg of enzyme protein per nmol of substrate. Incubations were performed at 37 C for 6 h. The products of the reaction were analyzed by cellulose thin-layer chromatography in solvents A and B for the peptide substrates and in solvent C for the glutamine substrates. The spots were detected with ninhydrin reagent. The dipeptide m-DPM-Ala has a specific orange coloration that clearly distinguishes it from the peptide substrate, which gives a mauve coloration, after subsequent treatment with an acetone solution of Cu(NO8)2 (5 g/liter) containing concentrated HNO, (0.1 ml/liter).
(iii) Assays with L-y-glutamyl-p-nitroanilide.
The glutamyl endopeptidase was assayed by the procedure of Orlowski and Meister (13, 14) , using L-y-glutamyl-p-nitroanilide. The enzymatic release of p-nitroaniline was followed at 410 nm. The assay for the release of p-nitroaniline contained, in 300 ;liters: 0.2 mM L-'y-glutamyl-p-nitroanilide, 10 mM Tris buffer (pH 8), 7 mM MgCl,, and 14 Mg of protein per nmol of substrate. Incubations were performed at 37 C for 6 h; then 600 uliters of 1.75 N acetic acid was added to stop the reaction. After centrifugation the absorbance was measured at 410 nm in comparison with absorbance of increasing amounts of p-nitroaniline ranging from 12 to 60 nmol.
RESULTS
Enzyme preparations. The growth curve of B. sphaericus is shown in Fig. 2 . The formation of the spore cortex was followed by estimating the proportion of terminally swollen cells and refractile forespores. Six samples were harvested: I at the mid-log phase; II at the start of sporulation after completion of vegetative division and just before the first appearance of terminal swelling; III at the time of spore engulfment; and IV, V, and VI when 40, 70, and 100%, respectively, of cells contained refractile forespores. The corresponding particulate enzyme preparations were obtained as described in Materials and Methods. All these preparations were assayed for their endopeptidase and carboxypeptidase activities.
The Samples were assayed for turbidity at 600 nm (0), for the percentage of terminally swollen cells (-), and for the percentage of cells containing refractile forespores (0). Samples I to VI were harvested at the indicated times.
tional to the amount of enzyme V preparation added over the range from 3 to 30 ,tg of protein per nmol of substrate.
Assays on DPM-containing MurNAc pentaor tetrapeptides. The ability of the six particulate preparations (I to VI) to hydrolyze MurNAc(DPM) pentapeptide D-["C ]Ala-D-[14C]Ala was determined (Fig. 3) . The autoradiogram (Fig. 3A) illustrates the separation of labeled products (free alanine and m-DPM-D-Ala) from substrate. This experiment resulted in only about 25% hydrolysis of the substrate, since the incubation conditions were suboptimal (2 mM Mg2+; 2 Ag of enzyme per nmol of substrate). After incubation, the boiled enzyme control contained only the substrate. Under optimal conditions (see Materials and Methods), all enzyme hydrolyzed approximately 84% of the substrate to produce free alanine (D-alanyl-D-alanine carboxypeptidase activity) since, of the total radioactivity present in the reaction mix after such incubation, an average of 42% was present as free alanine (Fig. 3B ), and complete release of the terminal D-alanine from the pentapeptide substrate would release 50% of its radioactivity as free alanine. The enzymes from sporulating cells also produced increasing amounts of a second product, which was identified as the dipeptide DPM-Ala; on hydrolysis it gave equimolar amounts of DPM and alanine, it was electrophoretically neutral, and DPM was demonstrated to be N-terminal by dinitrophenylation. No free DPM-D-Ala-D-Ala was seen, and the amount of free D-alanine always exceeded the amount of dipeptide liberated (Fig.  3B) . Thus, the particulate preparations from B. sphaericus exhibit two activities on the spore cortex precursor: a D-alanyl-D-alanine carboxypeptidase and a Glu-DPM endopeptidase activity.
The penicillin sensitivity of these enzymes was determined by using preparation V (which is one of the most active) and the radioactive DPM pentapeptide precursor (see Fig. 4A ). Both activities were 100% inhibited by 10-5 M benzyl-penicillin and were 12% inhibited by 2.10-8 M penicillin (Fig. 4A ). Fifty percent inhibition was obtained with 4.10-7 M penicillin (not shown). Benzylpenicillin is known to inhibit D-alanyl-D-alanine carboxypeptidases of various bacterial species (7-10), and this is apparently also true in B. sphaericus, since no free alanine was produced in the presence of 10-M benzylpenicillin. It was, therefore, possible that the inhibition of the Glu-DPM endopeptidase activity by benzylpenicillin was due to the inability of the enzyme to hydrolyze MurNAc pentapeptide unless it had first been hydrolyzed to MurNAc tetrapeptide by the DD-carboxypeptidase, which would also account for the lack of a DPM-D-Ala-D-Ala product. This possibility was tested by following the action of preparation V on the MurNAc-(DPM) tetrapeptide in the presence of various amounts of benzylpenicillin. The release of the dipeptide DPM-Ala was followed by autoradiography. The hydrolysis of the MurNAc tetrapeptide was not affected by even 10-M benzylpenicillin (Fig. 4B) . No free D-alanine was released, so no activity capable of hydrolyzing DPM-D-alanine linkages was detected.
Assays on Lys-containing MurNAc pentaor tetrapeptides. The No L-Lys-D-Ala was released from the tetrapeptide, and the carboxypeptidase II was not inhibited by even 10-' M benzylpenicillin. Thus at least two carboxypeptidases are present in these particulate preparations: a penicillin-sensitive carboxypeptidase I or acyl-D-alanyl-D-alanine carboxypeptidase and a penicillin-resistant carboxypeptidase II that catalyzes the hydrolysis of the L-lysyl-D-Ala bond. The carboxypeptidase I activity acts either on DPMor lysine-containing substrates. The carboxypeptidase II activity acts only on the lysine-containing substrates.
Since no Lys-Ala peptide was detected, the y-D-glutamyl endopeptidase does not act on lysine-containing precursors and seems specific for the Glu-DPM linkages. The properties of this Glu-DPM endopeptidase were further investigated. Effect of pH and ionic concentration on the endopeptidase and carboxypeptidase I activities. The pH, ionic strength, and divalent metal ion optima of the endopeptidase and carboxypeptidase I activities of preparation V are very similar, using MurNAc-(DPM) pentapeptide as substrate (Fig. 5 ). These optima are pH 8, > 15 mM Tris buffer, and > 8 mM MgCl2.
Preparation V was also assayed with the MurNAc-(DPM) tetrapeptide as substrate in the presence of several metal ions at various concentrations (Table 1) (Ala) ; substrate with a boiled enzyme control (S); and substrate S with, in linear succession, the preparations I through VI. Incubation was for 10 h, the chromatogram was run for 6 h, and the autoradiogram was exposed for 36 h. (B) Release of free alanine (-',-) and of the dipeptide DPM-Ala (A) expressed as percentage of radioactive product. This indicates the percent of the total radioactivity (in D-alanine) present in the initial MurNAc pentapeptide substrate, MurNAc tetrapeptide (not shown), m-DPM-D-Ala, and free D-alanine at the end of the incubation. These data are from an experiment in which hydrolysis (10 h of incubation) was more complete than that illustrated in Fig. 3A . Note that, after complete carboxypeptidase I action, 50% of the radioactivity would have been in free alanine. consequence of concomitant sporangial lysis. This pattem was reproducible and paralleled that found with the pentapeptide substrate ( Fig. 3B ).
DISCUSSION
All bacteria that have been investigated synthesize their peptidoglycan via a UDP-Nacetylmuramyl pentapeptide precursor contain-ing C-terminal D-alanyl-D-alanine, and B. sphaericus is no exception (cf. ref. 7, 16) . As anticipated from the structure of the vegetative and cortical peptidoglycans, whose carboxyl terminal peptides lack, respectively, both Dalanyl residues and only the terminal D-alanine residue (Fig. 1) , these cells contain D-alanine carboxypeptidase activities.
Acyl-D-alanyl-D-alanine carboxypeptidase I activity is present in vegetative and sporulating particulate enzyme preparations, and like the similar enzyme of E. coli (7, 8) , this activity is highly sensitive to penicillin G. Unlike the E. coli carboxypeptidase I, which hydrolyzes only DPM-containing pentapeptide substrates (8), the B. sphaericus particulate activity hydrolyzes both DPMand lysine-containing substrates ( Fig. 1) . Two distinct activities may be present, but, if so, both are penicillin sensitive and both are present throughout vegetative growth and sporulation at constant relative specific activities (data not shown). Particulate preparations from cells of B. megaterium contain a benzylpenicillin-sensitive carboxypeptidase I activity that hydrolyzes m-DPM pentapeptide, and a benzylpenicillin-resistant activity that is active on L-lysine pentapeptide (20) . The B. sphaericus carboxypeptidase I may be the first such enzyme that does not discriminate between m-DPM and L-lysine-containing substrates.
A second activity is present in the B. The products of the action of enzyme Von various substrates are chromatographed adjacent to controls of untreated substrates. 1, Free alanine, glutamic acid, and DPM (controls); 2, tripeptide Ala--y-D-Glu-m-DPM; 3, products from this tripeptide; 4, disaccharide tripeptide, GlcNAc-Ala-Glu-DPM; 5, products from this disaccharide tripeptide; 6, tetrapeptide, Ala-Glu-DPM-Ala; 7, products from this tetrapeptide; 8, tripeptide, Ala-a-D-Glu-DPM; 9, products from this tripeptide; 10, N-acetylmuramyl tripeptide, MurNAc-Ala-Glu-DPM; 11, products from this MurNAc-tripeptide; 13, disaccharide tetrapeptide, GlcNAc-MurNAc-Ala-Glu-DPM-Ala; 12, products from this disaccharide tetrapeptide. Disaccharide-Ala-Glu and MurNAc-Ala-Glu do not react with ninhydrin so are not seen in 5, 11, and 12. sphaericus particulate enzymes that hydrolyzes the L-Lys-D-Ala linkage only after removal of the terminal D-alanine residue from Mur-NAc-(Lys) pentapeptide; it has no effect on the analogous MurNAc-(DPM) tetrapeptide (Fig.  1 ). This activity was not inhibited by 10-3 M benzylpenicillin and in this sense is analogous to the carboxypeptidase II activity of E. coli (8) . The substrate specificity of the L-lysyl-D-alanine carboxypeptidase II is such that it explains the presence of carboxyl-terminal L-lysine residues in the vegetative peptidoglycan and the absence of carboxyl-terminal (L)m-DPM residues in the cortical peptidoglycan (5) . Under the assay conditions used, this enzyme does not appear to hydrolyze L-alanyl-D-glutamate residues, although an L,D-carboxypeptidase capable of hydrolyzing this substrate could convert the product of the i-glutamyl-m-DPM endopeptidase activity into the carboxyl-terminal L-alanyl residues found in the cortical peptidoglycan. Perhaps hydrolysis of the L-Ala-D-Glu bond by the carboxypeptidase II activity requires a polymeric substrate. This possibility is being investigated. By analogy, most lytic MurNAc-L-Ala amidases require a polymeric substrate and are inactive on GlcNAc-MurNAo disaccharide peptides. The S. albus G enzyme used in substrate preparations for these studies (see Materials and Methods) is a unique exception.
The discovery of the y-D-glutamyl-m-DPM endopeptidase activity was unanticipated since its function is not immediately apparent. Hydrolysis of pentapeptide substrates requires the prior removal of the carboxyl-terminal D-alanine residue by carboxypeptidase I. Since this activity is 50% inhibited by 4 x 10-f M benzyl penicillin, similar concentrations of penicillin also inhibit the action of the endopeptidase on pentapeptides. However, hydrolysis of tetrapeptides is not inhibited by even 10-i M penicillin, and it is concluded that the endopeptidase is not inhibited by penicillin. The in vivo substrate may be the nascent polymer of disaccharide pentapeptide, the probable immediate precursor of the cortical peptidoglycan. However, since these activities do act on MurNAc peptides, it is also possible that the unique endopeptidase of sporulating B. sphaericus cells modifies the membrane-bound lipid intermediate involved in cortical peptidoglycan synthesis. Elimination of the D-glutamate residue might then occur before or after subsequent polymerization. is consistent with a role in sporulation only, since no DPM occurs in the vegetative cell peptidoglycan. The time of appearance of this activity, between samples II and IV, roughly parallels the period during which the forespores become engulfed and spore cortex formation begins and is also consistent with a role in cortex synthesis, as is the absence of this activity from vegetative cells. This activity is also absent from 90,000 x g supernatant fractions from sporulating cells up to the stage at which they begin to autolyze, and this suggests that this enzyme functions in a membrane localization, which is consistent with the hypothesis (see introduction) on the role of the outer forespore membrane in the unique events involved in spore cortex synthesis. Thus it is unlikely to be involved in germination.
The specificity of the endopeptidase for DPM
The hydrolysis of the y-D-glutamyl-mesodiaminopimelate linkage of the tripeptide and its muramic and disaccharide derivatives by the B. sphaericus particulate enzymes could be due to a D,L-carboxypeptidase different from the D-Glu-mDPM endopeptidase. If so, the two activities appear at the same time and in constant ratio during sporulation (Fig. 7) .
Sporulating cells of Bacillus cerus T have increased activity of soluble 'Y-L-glutamyl peptidase that hydrolyzes glutathione to give free cysteine (2) . This enzyme also hydrolyzes Y-Lglutamyl-p-nitroanilide. This is not a substrate for the particulate B. sphaericus enzyme, which is probably an unrelated enzyme. B. subtilis produces a poly y-D-glutamate polymer and excretes an enzyme that is capable of hydrolyzing this polymer and L-glutamine. This enzyme also catalyzes, at a higher efficiency, the transfer of y-glutamyl residues from these substrates to D-glutamine (21) . In contrast, the enzyme activity from B. sphaericus is particulate and neither hydrolyzes L-glutamine nor catalyzes detectable transpeptidation reactions using as donor L-glutamine, D-glutamine, tetrapeptide, or MurNAc tetrapeptide, and as acceptor D-glutamate, meso-diaminopimelate, L-lysine, or glycine. It is concluded that these are also unrelated enzymes.
In conclusion, a new enzyme activity has been observed exclusively in sporulating cells of B. sphaericus. It hydrolyzes the bond between the y-carboxyl of D-glutamic acid and the L-amino group of meso-deaminopimelic acid, and its action on tetrapeptides produced by the action of carboxypeptidase I should result in the formation co carboxyl-terminal L-alanyl-D-glutamate dipeptides. Since these are not found in the cortical peptidoglycan, the only known substrate in these cells for this enzyme, then it must be assumed that any such dipeptides formed are intermediates either in the formation of lactam residues or in the formation of carboxyl-terminal L-alanine residues. The latter seems more probable and, as already stated, would simply require the activity of an L,D-carboxypeptidase, perhaps that already found capable of hydrolyzing L-lysyl-D-alanine linkages but inactive on L-Ala-D-Glu linkages under the assay conditions used in these studies. Carboxyl-terminal L-alanine residues are liberated from the peptidoglycan of Bacillus stearothermophilus by an autolytic enzyme associated with phage-induced lysis after induction of a lysogenic phage with mitomycin C (19) . on July 9, 2019 by guest http://jb.asm.org/ Downloaded from activity has been found in B. sphaericus even after attempts at inducing lysogenic phage with mitomycin C (D. J. Tipper, unpublished observations). The production of free D-glutamate during autolysis of cell walls of Bacillus psychrophilus suggests the presence of an associated -y-D-glutamyl-L-lysine endopeptidase, although direct demonstration of this activity has not been reported (1) . The B. sphaericus enzyme, which is incapable of hydrolyzing lysinecontaining substrates, appears to be a different enzyme.
